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Postnatal Expression Pattern of HCN Channel Isoforms in
Thalamic Neurons: Relationship to Maturation of
Thalamocortical Oscillations
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California, Irvine, California 92697-4475, 3Institut fu¨r Anatomie I, Universita¨tsklinikum Hamburg-Eppendorf, D-20246 Hamburg, Germany, 4Department
of Pediatrics, Baylor College of Medicine, Houston, Texas 77030, and 5Institut fu¨r Strukturbiologie und Biophysik 1, Forschungszentrum Ju¨lich, D-52425
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Hyperpolarization-activated cyclic nucleotide-gated cation (HCN) channels are the molecular substrate of the hyperpolarization-
activated inward current (Ih). Because the developmental profile of HCN channels in the thalamus is not well understood, we combined
electrophysiological, molecular, immunohistochemical, EEG recordings in vivo, and computer modeling techniques to examine HCN
gene expression and Ih properties in rat thalamocortical relay (TC) neurons in the dorsal part of the lateral geniculate nucleus and the
functional consequence of this maturation. Recordings of TC neurons revealed an approximate sixfold increase in Ih density between
postnatal day 3 (P3) and P106, which was accompanied by significantly altered current kinetics, cAMP sensitivity, and steady-state
activation properties. Quantification on tissue levels revealed a significant developmental decrease in cAMP. Consequently the block of
basal adenylyl cyclase activity was accompanied by a hyperpolarizing shift of the Ih activation curve in young but not adult rats. Quanti-
tative analyses of HCN channel isoforms revealed a steady increase of mRNA and protein expression levels of HCN1, HCN2, and HCN4
with reduced relative abundance of HCN4. Computer modeling in a simplified thalamic network indicated that the occurrence of rhyth-
mic delta activity, which was present in the EEG at P12, differentially depended on Ih conductance andmodulation by cAMP at different
developmental states. These data indicate that the developmental increase in Ih density results from increased expression of three HCN
channel isoforms and that isoform composition and intracellular cAMP levels interact in determining Ih properties to enable progressive
maturation of rhythmic slow-wave sleep activity patterns.
Introduction
As sleep approaches in adult mammals, the low-voltage, fast-
frequency EEG pattern of alert wakefulness begins to slow down
until slow-wave sleep, characterized by the increasing presence of
spindle waves and high-amplitude, slow delta waves, occurs (Sin-
ton and McCarley, 2004; Staunton, 2005). The thalamocortical
system is the neuronal substrate of rhythmic synchronized activ-
ity during slow-wave sleep. During this state, thalamocortical
relay (TC) neurons display intrinsic pacemaker activity, leading
to the rhythmic generation of bursts of action potentials, which
are synchronized throughout the thalamocortical network (Ste-
riade et al., 1997). This pace-making property is based on Ih,
which is gated by membrane voltage as well as cAMP (Pape,
1996). The regulation of the voltage dependence of Ih through
cAMP is considered an important mechanism for the control of
rhythmic burst firing during the sleep-wake cycle.
Four members of a gene family encoding mammalian HCN
channels (HCN1–HCN4) give rise to Ih (Kaupp and Seifert, 2001;
Robinson and Siegelbaum, 2003; Santoro and Baram, 2003).
Four subunits are thought to assemble to form functional chan-
nels, and cAMP acts directly on the C-terminal intracellular do-
main to rapidly regulate channel opening (Wainger et al., 2001;
Robinson and Siegelbaum, 2003). The expression pattern of
HCN isoforms in the mammalian brain varies with age, region,
and species (Moosmang et al., 1999; Monteggia et al., 2000;
Bender and Baram, 2008), and the electrophysiological proper-
ties of functional HCN channels seem to critically depend on
homomeric or heteromeric formation of channel subunits
(Much et al., 2003; Brewster et al., 2005; Chen et al., 2005).
Recent evidence suggests that altered Ih properties and HCN
channel expression plays a critical role during epileptic seizures in
different brain regions (Bender et al., 2003). In the thalamocor-
tical system, two genetic rat models of absence epilepsy revealed
that abnormal regulation of Ih accompanies the pathogenesis in
that there is a reduction in responsiveness to cAMP associated
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with a selective increase in the expression of the relatively cAMP-
insensitive HCN1 isoform in TC neurons (Budde et al., 2005;
Kuisle et al., 2006).
The developmental maturation of HCN channels in the thal-
amus is not well understood. In general, these developmental
changes influence Ih conductance, either by governing the levels
of expression of different HCN isoforms or via regulation of
cAMP levels (Surges et al., 2006). In rat thalamus, HCN expres-
sion patterns are established at early postnatal stages in a nucleus-
specific manner, with HCN2 and HCN4 being most robustly
expressed in relay nuclei (Bender et al., 2001; Ludwig et al., 2003).
However, a comprehensive quantitative study ofmRNAand pro-
tein expression of the HCN channels in the thalamus, and, im-
portantly, of the consequences of this developmental profile on
the properties and magnitude of Ih and the resulting modulation
of thalamocortical sleep patterns has not been reported. There-
fore, we combined in vitro and in vivo electrophysiological, im-
munological, molecular biological, and computational modeling
techniques to correlate Ih current density, voltage dependence,
and kinetics with theHCN expression pattern and the generation
of rhythmic activity in single TC neurons as well as thalamic
networks.
Materials andMethods
Preparation. All animal preparations were done according to the Euro-
pean Communities Council Directive of November 24, 1986 (86/609/
EEC). Rats [the Sprague Dawley strain was used for all experiments pre-
sented here; postnatal day 3 (P3) to P106] were anesthetized with
isoflurane and decapitated. In rapid sequence, after surgically removing a
scull cap caudal to the bregma, a block of brain tissue containing the
thalamus was removed from the cranial vault and submerged in ice-cold
aerated (O2) saline containing the following (in mM): 200 sucrose, 20
PIPES, 2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, 0.5 CaCl2, and 10 dextrose,
pH 7.35, with NaOH. Thalamic slices were prepared as coronal sections
on a vibratome. Before recording, slices were kept submerged in artificial
CSF containing the following (inmM): 125NaCl, 2.5KCl, 1.25NaH2PO4,
24 NaHCO3, 2 MgSO4, 2 CaCl2, and 10 dextrose, pH adjusted to 7.35 by
bubbling with carbogen (95% O2 and 5% CO2).
Whole-cell patch clamp. Recordings were performed on TC neurons of
the dorsal part of the lateral geniculate nucleus (dLGN) at room temper-
ature in a solution containing the following (in mM): 120 NaCl, 2.5 KCl,
1.25 NaH2PO4, 30 HEPES, 2 MgSO4, 2 CaCl2, and 10 dextrose, pH 7.25
adjusted with HCl. Individual cells were visually identified by infrared
differential interference contrast video microscopy. Membrane currents
were measured with glass microelectrodes pulled from borosilicate glass
capillaries (GC150T-10; Clark Electromedical Instruments) and filled
with the following (in mM): 95 K-gluconate, 20 K3-citrate, 10 NaCl, 10
HEPES, 1MgCl2, 0.5 CaCl2, 3 BAPTA, 3Mg-ATP, and 0.5 Na-GTP. The
internal solution was set to a pH of 7.25 with KOH and an osmolality of
295 mOsm/kg. The electrodes were connected to an EPC-10 amplifier
(HEKA) with a chlorided silver wire. Electrode resistances were in the
range of 2–3M, with access resistances in the range of 5–20M. Series
resistance compensation of30%was routinely applied. Voltage-clamp
experiments were controlled by the software Pulse or PatchMaster
(HEKA) operating on an IBM-compatible personal computer. Measure-
ments were corrected for liquid junction potential. All results are pre-
sented as mean  SEM. Substance effects were tested for statistical sig-
nificance using the nonparametric Mann–Whitney test (Prism software;
GraphPad Software). When applicable, the parametric t test was used
(Origin software). Differences were considered statistically significant if
p 0.05.
The protocol used to assess Ih was designed to increase the stability of
whole-cell recordings and account for increasingly fast activation kinet-
ics of Ih. Therefore, the pulse length was shortened by 1500 ms with
increasing hyperpolarization (3.5 s pulse length at 130 mV). Steady-
state activation of Ih, p(V), was estimated by normalizing the tail current
amplitudes ( I) 50 ms after stepping to a constant potential of100 mV
(see Fig. 1A, arrow) from a variable amplitude step using the following
equation:
p(V)(IImin)/(ImaxImin),
with Imax being the tail current amplitude for the voltage step from130
to100mV and Imin for the voltage step from40 to100mV, respec-
tively. Ih activation was well accounted for by a Boltzmann equation of
the following form:
p(V)1/(1exp((VVh)/k)),
where Vh is the voltage of half-maximal activation, and k is the slope
factor.
The amplitude of Ih (see Fig. 1A, bracket) was calculated by subtract-
ing the instantaneous current amplitude Ii from the steady-state current
(ISS). The density of Ih was calculated by dividing the Ih current ampli-
tude at130 mV by the membrane capacitance obtained during whole-
cell recordings.
The time course of Ih activation in TC neurons was best approximated
by the following single-exponential equation:
Ih(t)AoA1e
t / ,
where Ih (t) is the current amplitude at time t, and A0, A1, and  are axis
intercept, amplitude coefficient, and time constant, respectively. In
	10%of the cells recorded under different conditions, the time course of
activation was best fitted by a biexponential function. These cells were
not included for analysis of activation kinetics.
In vivo electrophysiology. Rats aged P6, P11, P13, P17, and P89 were
bilaterally implanted with two cortical electrodes (Plastics One) posi-
tioned over the frontoparietal cortex. A ground electrode was placed in
the cerebellum, and the assembly was anchored with dental cement and
four stainless steel screws. Digital video EEG recordings were performed
on the following day in freely moving, non-anesthetized rats, with con-
current video monitoring (Camcorder, ZR40; Canon). Electrophysio-
logical data were recorded at a frequency band of 0.1–200Hz, sampled at
400 Hz/channel using Powerlab 8SP (AD Instruments) equipped with
Chart 4 forWindows. The data were filtered (0.1–30Hz) for analysis and
synchronized with the video monitoring.
Computer simulations. All simulations were processed within the
NEURONSimulation Environment at a temperature of 36°C (Hines and
Carnevale, 2001; Meuth et al., 2005). Given the four-cell neuronal net-
work model (see Fig. 7B) (supplemental Table S1, available at
www.jneurosci.org as supplemental material) published by Destexhe et
al. (1996), the corresponding TC cell template was used to investigate the
impact of Ih on the two typical firing modes of a single TC neuron (burst
and tonic activity) (see Fig. 5A). The Ih current kinetic and voltage de-
pendency (supplemental Fig. S1, available at www.jneurosci.org as sup-
plementalmaterial) of this template originates fromapreviouslyMcCor-
mick and Huguenard implementation (McCormick and Huguenard,
1992) and has been expanded with Ca2 dependence by Destexhe et al.
(1996). To reach a stable membrane resting potential of 60 mV, the
default parameter setting was adapted as follows:
e_pas 44 
mV reversal potential of Ipassive,
kl.gmax 0.003 
mho maximum Ikleak conductance,
ghbar_iar 1e-5 
mho/cm2 maximum Ih conductance, and
ginc_iar 1 augmentation of Ih conductance
with Ca 2.
Evaluation of the Ih driven voltage sag (see Fig. 5B) was accomplished by
successively decreasing the maximum Ih conductance in 10% steps from
100 to 0%. Thereby the strength of the applied hyperpolarizing pulse was
continuously lowered to compensate the increasedmembrane resistance
and to ensure a constant step potential of 130 mV. All other model
parameters remained unchanged during the simulations. In each step,
the voltage sag was calculated by subtracting the initial (global mini-
mum) (see Fig. 5B, inset) from the final (right at the end of the hyperpo-
larizing stimulus) (see Fig. 5B, inset) membrane voltage.
A second set of simulations is based on the simplified neuronal net-
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work (Destexhe et al., 1996) given in Figure 7B. To have two autonomous
oscillators, parameters in both TC cells (in variation from the original
model by Destexhe) were set to the following:
ghbar_iar 1e-5 
mho/cm2 maximum Ih conductance,
kl.gmax 0.005 
mho maximum Ikleak conductance, and
ginc_iar 1 augmentation of Ih conductance
with Ca2.
Additionally, the duration of all simulations was extended to 20 s so that
the networks could reach a steady state. Part 1 of the simulations (see Fig.
7A, top and middle) comprises altogether 11 separate runs, in which the
maximum Ih conductance of both TC cells was successively decremented
by 10%. Based on the traces of the first TC cell (TC1), the interburst
intervals of the last seven bursts were considered and finally averaged per
run (see Fig. 7C, gray bars). Calculating the interburst interval of two
consecutive bursts was done with regard to the tip of the first action
potential in each case. In part 2 (see Fig. 7A, bottom), the Ih activation
curve was shifted by 15mV tomore depolarized values. This shift applied
to both TC cells. The mean interburst interval was evaluated as men-
tioned previously (see Fig. 7C, white bar).
Drugs. During experiments with 8-bromo-cAMP (water soluble;
Sigma) added to the recording pipette, properties of Ih were determined
8–15 min after obtaining the whole-cell configuration. The adenylyl cy-
clase inhibitor 9-(tetrahydro-2-furanyl)-9Hpurin-6-amine (SQ22.536)
was obtained from Sigma and prepared as stock solution in water. Before
recording, slices were incubated for 2 h in extracellular solution contain-
ing 300 M SQ22.536 and were transferred to the recording chamber
thereafter. The blocker was not present in the recording solution. Prop-
erties of Ih were determined 8 min after obtaining the whole-cell
configuration.
Determination of cAMP level in tissue samples. Samples of the dLGN
were prepared from freshly dissected coronal sections and put immedi-
ately into 300 l of ice-cold buffer containing 50 mM HEPES, pH 7.6, 1
mMEDTA, 25mM sucrose, complete protease inhibitor cocktail (Roche),
and 50 M IBMX (3-isobutyl-1-methylxanthine). Protein samples were
centrifuged at 2500  g for 10 min at 4°C, and pellets were discarded.
From these homogenates, 50 l aliquots were used to determine the
cAMP content. Values of cAMP per milligram total protein were deter-
mined in triplicate using the TRK432 cAMP assay kit (GE Healthcare).
Immunohistochemistry. Rats of different ages (P10 and P70) were
deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and
transcardially perfused with 4% phosphate-buffered paraformaldehyde
(PFA). Brains were removed, postfixed for 4 h in 4% PFA, cryoprotected
in 25% sucrose for 48–72 h, and frozen in isopentane. Coronal sections
(40 m) through the thalamus were cut on a cryostat and collected in
PBS. Sections were treated for 30min with 0.3%H2O2/PBS, then washed
three times for 10 min in PBS, preincubated for 1 h in 10% normal goat
serum/PBS, and finally incubatedwith primary antisera in PBS plus 0.3%
Triton X-100 for 48 h at 4°C. Polyclonal guinea pig anti-HCN1 (1:500),
HCN2 (1:1500), or HCN4 (1:800) antisera were used for these studies
(kind gifts from Dr. Ryuichi Shigemoto, Okazaki, Japan). After primary
antibody incubation and several washes, sections were transferred to
secondary antibody solution (biotinylated goat anti-guinea pig IgGs,
1:250; Vector Laboratories) for 3 h, followed by additional washes and
avidin–biotin–peroxidase complex solution (Vector Laboratories) for 2
h at room temperature. Antibody binding was visualized by incubating
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Figure 1. Postnatal development of Ih properties in TC neurons. A, Representative current traces obtained from cells of different postnatal age. Currents were elicited by applying the shown
voltage-clamp protocol from40 mV (inset). The tail current voltage was100 mV (see arrow). The duration of each hyperpolarizing step was shortened as command potentials became more
negative. Calibration: 3 s, 100pA. Thebracket indicates the amplitudeof Ih.B,Mean current density versus postnatal age reveals increasing Ih currents (n63; 1–8per datapoint). Current densities
were calculated by dividing amplitudes at130 mV by the membrane capacitance obtained during whole-cell recordings. Data from P3 and P106 cells were highly significantly different (**p
0.01). C, Mean steady-state activation curves for P3 and P106 were obtained by plotting normalized tail current amplitudes against the step potential and fitting themwith a Boltzmann function.
D, Mean half-maximal activation voltages (Vh) versus postnatal age reveals a hyperpolarizing shift in Vh with age (n 6–17 per data point). Significantly different results were obtained for some
combinations of postnatal ages (see Results) (*p 0.05).
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sections in a solution containing 0.04% 3,3
diaminobenzidine, 0.001%H2O2, 0.01%NiCl2,
and 0.01% CoCl2. For negative controls, occlu-
sion of the primary antibody from the staining
procedure was routinely performed with no
positive immunological signal detected.
Western blotting. Rats of different ages (P7,
P30, andP90)were rapidly decapitated, anddL-
GNs were quickly dissected and frozen imme-
diately in liquid nitrogen. Tissue was then ho-
mogenized in ice-cold buffer containing 50 mM
HEPES, pH 7.6, 1 mM EDTA, and 25 mM su-
crose. Protease inhibitor cocktail (Roche) was
added according to the guidelines of the manu-
facturer. Protein samples were centrifuged at
2500  g for 10 min at 4°C, and pellets were
discarded. The resulting supernatants were sep-
arated by 12% SDS-PAGE. Proteins were trans-
ferred in 25 mM Tris, 192 mM glycin, 0.1% SDS,
and 20%methanol onto Hybond ECL nitrocel-
lulose membranes at 20 V overnight at 4°C.
Thereafter, membranes were blocked with 5%
nonfat milk in TBS–0.1% Tween 20 for 1 h and
incubated with primary antibodies for 2 h at
room temperature. The following antibodies
were used: rabbit anti-HCN1, rabbit anti-
HCN2, rabbit anti-HCN4 (1:300 for each anti-
body; Alomone Labs) and monoclonal mouse
anti--actin (1:4000; Abcam). After washing
(three times for 10 min in TBS–0.1% Tween
20), blots were subsequently incubated with
horseradish peroxidase-conjugated goat anti-
rabbit or anti-mouse antibodies (1:2000 for
each antibody; Dako) for 1 h at room tempera-
ture. Washing was performed as before, and
blots were developed using an ECL Plus detec-
tion kit (GE Healthcare) according to the
guidelines of the manufacturer.
Quantitation of HCN expression was
achieved by densitometric analysis of corre-
sponding protein bands (Quantity One 4.2.2
software, ChemiDoc; Bio-Rad). Protein con-
tentwas normalized using-actin as an internal
and loading standard.
In situ hybridization. For in situ hybridiza-
tion (ISH), rats were quickly decapitated on P2,
P11, or P60 (three to six rats per group), and
brains were dissected and placed on powdered
dry ice. Coronal sections (20 m) through the
thalamus were cut, mounted on gel-coated
slides, and fixed in 4% PFA. After a graded eth-
anol treatment, sections were exposed to acetic
anhydride-triethanolamine and then dehydrated through 70–100% eth-
anol. Sections were preincubated in hybridization solution [50% form-
amide, 5 sodium–EDTA–Tris (5 SET: 750mMNaCl, 12.5mMEDTA,
and 150 mM Tris, pH 8), 0.2% SDS, 5 Denhardt’s solution, 0.5 mg/ml
salmon sperm-shearedDNA, 250mg/ml yeast tRNA, 100mMdithiothre-
itol, and 10% dextran sulfate] and probed overnight at 55°C with anti-
sense [ 35S]cytidine triphosphate-radiolabeledHCNcRNAprobes (0.5–1
 106 cpm/30 l/section). These probes were synthesized by in vitro
transcription from cDNAs containing specific gene regions of mouse
HCN1, HCN2, and HCN4 channels as described previously (Bender et
al., 2001; Brewster et al., 2002). The specific activity of the probes was
1.67–5.2 109 cpm/g. On the following day, sections were washed in
decreasing concentrations of SSC solutions, with themost stringent wash
at 0.03 SSC for 60min at 62°C. After dehydration in increasing alcohol
concentrations, sections were apposed against Kodak Biomax films.
Specificity of signal was verified by hybridizing sections with sense probe
orwith excess unlabeled (100-fold) antisense probe in addition to labeled
probe. Quantification and statistical analyses of the HCNmRNA signals
were accomplished by measuring optical density of incorporated radio-
activity in dLGN using the image analysis program ImageTool (version
1.27; University of Texas Health Science Center, San Antonio, TX). Op-
tical density measured over the corpus callosum was used as a back-
ground signal and subtracted from the signal measured in dLGN. Lin-
earity of the hybridization signal was ascertained using 14C standards
(American Radiolabeled Chemicals).
Results
Basic properties of Ih in developing TC neurons
Data from 219 visually and electrophysiologically identified TC
neurons of the dLGN were included for analysis. Ih was activated
in the presence of Ba2 (1 mM) from a holding potential of40
mV by using hyperpolarizing voltage steps of increasing (V 
10 mV) amplitude and decreasing (t1500 ms) duration,
followed by a constant step to100mV (Fig. 1A; the inset shows
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Figure 2. Modulation of Ih by cAMP.A, Representative current traces obtained from cells in the presence of 10M intracellular
cAMP at P10, P30, and P70. Voltage protocols as in Figure 1. Calibration: 3 s, 200 pA.B, Mean Vh values of steady-state activation
curves at different postnatal ages (P10, P30, and P70) in the presence of 0.1M (filled squares), 1M (filled circles), and 10M
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highly significantly different (**p  0.01). C, Results obtained from a radioactive competition assay revealed a significant
decrease in cAMP content with age (*p 0.05). D, Mean Vh values of steady-state activation curves at different postnatal ages
(P7, P14, P30, P60, and P90) after preincubation of brain slices in SQ22.536 (200M, 2 h). Results indicated a highly significant
hyperpolarization at P7 compared with age-matched controls (**p 0.01).
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a scheme of the voltage protocol). The density of Ih at130 mV
strongly increased as a function of postnatal age from 1.1  0.1
pA/pF (n  6) at P3 to 5.2  0.4 pA/pF (n  7) at P106 ( p 
0.001) (Fig. 1B), thereby representing a 5.5-fold increase over the
observed period of development. An analysis of the deactivating
currents revealed a half-maximal value of Ih activation (Vh) at a
membrane potential of85.2 1.5mV (n 6) at P3, which was
not significantly ( p  0.063) different from Vh at the other de-
velopmental stages (P7,85.5 0.9mV,n 9; P11,86.7 1.0
mV, n 10; P18,88.5 0.8mV, n 14; P30,89.1 1.0, n
17; P60,87.7 0.6 mV, n 16; P106,88.8 1.0 mV, n 7)
(Fig. 1C,D). Nevertheless, there was a tendency to more hyper-
polarized activation curves in older animals (Fig. 1D) because
comparisons between some datasets revealed significant differ-
ences (P7/P18, P7/P30, and P7/P106; p 0.04).
Because the relative contribution of different HCN isoforms
to the properties of Ih is also evident in the time course of Ih
activation, we analyzed activation time constants as a function of
age. Time constants of activation at a potential of 130 mV
increased during development (P3,   435  32, n  6; P7,
432 43ms, n 9; P11, 483 25ms, n 10; P18, 530 35ms,
n 12; P30, 692 35ms, n 12; P60, 576 44ms, n 9; P106,
598  52 ms, n  7) with the earliest ages (P3 and P7) being
significantly ( p  0.03) different from P30 and P106 (data not
shown).
Strongmodulation by intracellular cAMP is a hallmark of Ih in
TC neurons and also reflects the relative contribution of the dif-
ferent HCN isoform expression (Pape, 1996; Budde et al., 2005).
To examine the cAMP gating of this con-
ductance throughout the age range studied
here, we recorded Ih while the pipette so-
lution contained different concentrations
(0.1, 1, and 10 M) of 8-bromo-cAMP
(Fig. 2A). Inclusion of 8-bromo-cAMP in-
duced a significant ( p  0.001)
concentration-dependent shift of Ih acti-
vation curves at all developmental stages.
Compared with cells from P10 (0.1M,Vh
 77.9  0.8, n  10; 1 M, Vh 
73.8  0.5, n  23; 10 M, Vh 
70.2 1.8, n 7), Vh values in P30 (0.1
M, Vh80.5 0.8, n 8; 1 M, Vh
77.7 0.5, n 8; 10M,Vh76.1
0.7,n 7) andP70 (0.1M,Vh80.4
0.9, n  5; 1 M, Vh  76.9  0.9, n 
14; 10 M, Vh75.4 0.9, n 5) rats
were significantly ( p  0.004) more hy-
perpolarized (Fig. 2B). In addition to al-
tering Vh, cAMP significantly ( p  0.02)
accelerated Ih activation kinetics at 130
mV at all concentrations for P10 and P30
rats (data not shown). For P70 rats only, 1
and 10 M induced a significant ( p 
0.05) acceleration. When different age
groups were compared, activation time
constants at130mV in P10 cells (0.1M,
 402 14ms, n 10; 1M,  300
20 ms, n  10; 10 M,   299  20 ms,
n 7)were significantly faster than in cells
fromP30 (0.1M,  531 17ms, n 8;
1 M,  475 11 ms, n 8; 10 M, 
470 13 ms, n 8) and P70 (0.1 M, 
491  36 ms, n  5; 1 M,   471  18
ms, n 12; 10 M,  435 19 ms, n 5) animals.
Next we assessed the possible influence of basal cAMP pro-
duction on Ih properties. Quantification of cAMP concentration
in dLGN tissue revealed a significant ( p 0.02) decline with age
ranging from459 97 pmol/mg at P7 to 91 11 pmol/mg at P30
and remained at the lower level thereafter (P90, 69 8 pmol/mg,
n 3) (Fig. 2C). To test whether this change has an impact on Ih
properties, thalamic slices were incubated with the adenylyl cy-
clase inhibitor SQ22.536 (300M, 2 h) before current recordings
(Fig. 2D). Inhibition of adenylyl cyclase activity resulted in sig-
nificant ( p 0.0002) hyperpolarization of Ih activation curves at
P7 (Vh  94.0  1.4 mV, n  10) but had very little effect in
older animals (P30, Vh  87.4  0.7 mV, n  9; P60, Vh 
88.2 0.7 mV, n 12; P90, Vh87.8 0.7 mV, n 13).
This effect was accompanied by a significant ( p 0.002) slowing
of activation time constants at130mV in young (P7,  714
59 ms, n 10) but not in old (P30,  614 36 ms, n 9; P60,
 609 21ms, n 11; P90,  554 14ms, n 13) animals
(data not shown).
Expression of HCN channel mRNA and proteins in dLGN
By analyzing the molecular basis of Ih throughout the develop-
mental range, we found that three of the four knownmembers of
the HCN channel gene family were significantly expressed in the
dLGN throughout postnatal development (Fig. 3). Quantitative
radioactive analyses of mRNAs indicated a progressive and sig-
nificant increase of all isoforms as a function of age (increase
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Figure 3. Quantitative analyses of postnatal mRNA and protein expression of HCN channels. A, HCN1, HCN2, and HCN4mRNA
levels in dLGN were obtained using radioactively labeled in situ hybridization probes (n  3–6 per group). Significance is
indicated for the comparison of P2 and P60 (**p 0.01). B, HCN1, HCN2, and HCN4 protein levels in dLGNwere evaluated using
Western blot procedures with-actin as reference (n 9 per group). Significance is indicated for the comparison of P7 and P90
(**p 0.01). C, Relationship between Ih current density and radioactive ISH signals. Values of radioactivitywere summed for P2,
P11, and P60 and plotted versus age-matched current density values from the fit in Figure 1B.D, Relationship between Ih current
density and normalizedWestern blot signals. Values of HCN/-actin ratios were summed for P7, P30, and P90 and plotted versus
age-matched current density values from the fit in Figure 1B.
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fromP2 to P60;HCN1, 2.0-fold, p 0.0002;HCN2, 1.4-fold, p
0.002; HCN4, 1.5-fold, p 0.0032) (Fig. 3A).
Protein expression of HCN channel isoforms was approxi-
mately concordant with the mRNA results in that the protein
expression of HCN1 and HCN2 significantly ( p  0.004) in-
creased from P7 to P90. Protein levels of HCN4 were not signif-
icantly changed over the analyzed time period, and the discrep-
ancy between the mRNA and protein levels might be a result of
the variability among available antisera against this subunit
(Brewster et al., 2007; Shin and Chetkovich, 2007). The increase
revealed by semiquantitativeWestern blotting was 7.6-fold ( p
0.004), 12.4-fold ( p 0.0001), and 1.3-fold ( p 0.08) (Fig. 3B)
for HCN1, HCN2, and HCN4, respectively. Whereas the ratio of
HCN2/HCN1 protein expression remained approximately con-
stant during postnatal development (30 3, n 3), the ratios of
HCN2/HCN4 andHCN1/HCN4 increased approximately eight-
fold and sixfold between P7 and P90, respectively. To localize the
protein expression ofHCN channel isoforms in dLGN, immuno-
histochemical staining was performed. The results indicated that
HCN1 (Fig. 4A), HCN2 (Fig. 4B), and HCN4 (Fig. 4C) were
present in this, as well as other thalamic nuclei, with an apparent
increase of signal intensity between P10 and P70.
How does HCN isoform expression during development
govern Ih properties?
To correlate HCN expression levels and membrane current for
matching postnatal ages, Ih current density (extrapolated from
the fit in Fig. 1B) was plotted against the sum of the detected
radioactivity (determined by ISH for P2, P11, and P60) (Fig. 3A)
and the HCN/-actin ratio (determined by Western blotting for
P7, P30, and P90) (Fig. 3B) of all three isoforms. This yielded a
linear relationship for both current density and summed mRNA
levels (r2  0.999) (Fig. 3C) as well as for current density and
summed protein levels (r2 0.994) (Fig. 3D).
Functional consequences of increased HCN
isoform expression
One hallmark of Ih current activation during current-clamp re-
cordings is the depolarizing voltage sag generated during the
course of hyperpolarizing current steps (Pape, 1996). Further-
more, TC neurons can act as intrinsic oscillators in the delta
frequency range (0.5–4 Hz) during slow-wave sleep (when oscil-
lations are in the same delta frequency) based on the cyclic inter-
action between Ih and the transient low-threshold Ca
2 current
(IT) (Pape, 1996; Lu¨thi andMcCormick, 1998; Cueni et al., 2009).
Whereas Ih acts as a pacemaker, IT is responsible for the genera-
tion of low-threshold Ca2 spikes (LTS) underlying bursts of
action potentials (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). Because multiple ion
channels mature during early postnatal development, it is diffi-
cult to isolate the influence of changed compound HCN channel
expression on TC neuron firing patterns using experimental ap-
proaches. Therefore, we used in vivo EEG recordings (see Fig. 6)
and computer modeling to assess the effect of changed Ih density
on burst and tonic firing in a single-cell model (see Fig. 5) as well
as on rhythmic slow-wave sleep activity in a reduced thalamic
network model (see Fig. 7).
The single TC neuron model was set to rest at a potential of
60 mV, and time-dependent, anomalous rectification was an-
alyzed by applying hyperpolarizing pulses in current-clamp
mode. Amaximum Ih conductance of 10S/cm
2 was considered
the adult situation. When applied to the model cell (surface area
29,000 m2), a hyperpolarization to130 mV led to a voltage
sag of 11.5 mV. In this case, the “adult” TC neuron (Fig. 5A, left)
showed a prominent slow time-dependent rectification during
hyperpolarization and a burst of action potentials superimposed
on an LTS after release from hyperpolarization. This rectification
was almost gonewhen reducing the Ih conductance to 20%, levels
found during the very early postnatal period (Fig. 5A, right).
Although the deactivating component of Ih generates a depolar-
izing afterpotential after release from hyperpolarization, ampli-
tude and duration of the LTS are dominated by IT (supplemental
Fig. S2, available at www.jneurosci.org as supplemental mate-
rial). Therefore, a full LTS was generated even in the absence of Ih
(Fig. 5A, right). In contrast, tonic firing evoked by depolarizing
current steps was not significantly affected by the reduction of Ih.
A systematic decrease (10% steps) of the maximum Ih conduc-
tance from 100 to 0%was answered by the computer model with
linearly decreasing voltage sags (Fig. 5B). Together, anomalous
rectification was highly dependent on the maximum Ih
conductance.
Next, we examined the role of the developmentally deter-
mined, isoform-specific HCN channel expression patterns
and the resulting alteration in cAMP modulation in the mat-
uration of sleep patterns. We recorded in vivo cortical EEGs
from rats at five developmental ages, P7, P12, P14, P18, and
P90. As shown in Figure 6A, there was little distinction be-
tween the frequency distribution of EEG rhythms in the wake
and the sleep state at P7. In contrast, slow-wave oscillations, in
the delta frequency range, were sporadically detectable at P12
(Fig. 6B) and P14 (Fig. 6C) and were readily apparent in non-
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Figure 4. Immunohistochemical characterization of HCN channel localization. Specific anti-
bodies directed against HCN1 (A), HCN2 (B), and HCN4 (C) were applied. All isoforms were
detected in the dLGN and immunoreactivity was stronger in adult (P70) compared with P10
animals, which is consistent with the results of the mRNA and protein analysis (see Fig. 3). In
both P10 and P70 dLGN, HCN1 immunoreactivity was considerably weaker than the corre-
sponding immunosignal of the HCN2 and HCN4 isoforms. This may reflect the generally lower
expression levels of HCN1 compared with these isoforms (see Fig. 3). Po, Posterior thalamic
nuclear group; VB, ventrobasal thalamic complex.
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rapid eye movement (NREM) sleep recordings from rats at
P18 (Fig. 6D, right). These were clearly distinguishable from
the wake record (Fig. 6B–D, left). A similar, mature sleep
pattern was found in adult (P90) cortical EEG recordings, in
which well developed delta frequency (1–2 Hz) sleep waves
distinguished the NREM sleep state (Fig. 6E).
The contribution of HCN channel maturation to these pat-
terns was evaluated using computer modeling. Spontaneous
rhythmic slow-wave sleep activity was analyzed in a model
network of four reciprocally connected TC and reticular tha-
lamic (RE) neurons (Destexhe et al., 1996) as depicted in Fig-
ure 7B. At a hyperpolarized membrane potential of approxi-
mately 80 mV, both TC neurons
generated spontaneous burst activity
within a frequency range of 4–6 Hz
(close to the delta frequency range of
0.5–4 Hz). Regarding the entire net-
work, synchronized activity could be ob-
served in all four neurons with an under-
lying frequency of 5.6 Hz under control
conditions (Fig. 7A; only traces from
TC1 and RE1 are shown in the top and
middle, respectively). Because of the de-
creasing depolarizing and thus pace-
making influence, a gradual reduction of
the maximum Ih conductance applied to
both TC neurons in parallel resulted in a
decreasing burst frequency down to 4.1
Hz (Fig. 7C). When the maximum Ih
conductance was lowered to 50% of the
control condition, spontaneous bursting
in the pace-making TC neurons and,
consequently, the entire network oscilla-
tion stopped (Fig. 7A). To investigate the
effect of cAMP-dependent modulation
of HCN channels on rhythmic activity,
the Ih activation curve was shifted by 15
mV in the depolarizing direction. With
the Ih conductance lowered to 40% of
the control value (situation at approxi-
mately P12–P14) spontaneous burst ac-
tivity resumed when the voltage depen-
dency of Ih was shifted 15 mV in the
depolarizing direction (Fig. 7A, bot-
tom). Under these conditions, the un-
derlying frequency was 3.1 Hz (Fig. 7C).
Discussion
The results of the present study can be
summarized as follows. (1) Ih current den-
sity strongly increases during the first 9
postnatal weeks until it reaches constant
adult values. This change in current prop-
erties is associated with an overall in-
creased expression of the three major neu-
ronal HCN channel isoforms (HCN1,
HCN2, and HCN4). (2) A linear relation-
ship exists between the summed mRNA/
protein expression levels of these channels
and Ih current density, consistent with the
dependence of current density on HCN
gene expression. (3) Current kinetics and
sensitivity tomodulation by cAMP change
significantly with age and the voltage de-
pendence of Ih activation has the tendency to more hyperpolar-
ized potentials in older rats. These findings are in agreement with
the increase in HCN1/HCN4 and HCN2/HCN4 expression ra-
tios as well as the decrease in cAMP levels in dLGN with age. (4)
The dramatic decrease in cAMP content of dLGN tissue with age
is accompanied by a significant decrease in the effect of the ad-
enylyl cyclase blocker SQ22.536 on activation properties. To-
gether with the changes in Ih cAMP sensitivity, these finding sug-
gest that the expression of the Ih building blocks, namely the
HCN channels and the intracellular cAMP concentration, act in
concert to achieve specific current properties in a changing neu-
Figure 5. Single-cell modeling. A, Reducing Ih affects burst behavior. Although there is no significant difference in the tonic
action potential generation, reducing the maximum Ih conductance from 100% (left) to 20% (right) affects the response of the
model to hyperpolarization. The applied stimulus protocol is given in the inset. B, Incrementing the maximum Ih conductance of
the single-cell TC neuron model in 10% steps from 0 to 100% led to a linearly growing voltage sag. The voltage sag was
determined by subtracting the initial (global minimum) from the final (right at the end of the stimulus) membrane voltage (see
inset).
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ronal environment. In this respect, young
cells seem to require an extremely high
cAMP sensitivity. (5) Computer modeling
indicates that the increase in Ih conduc-
tance is necessary to sustain the spontane-
ous delta activity in TC neurons and, con-
sequently, the synchronized slow-wave
sleep rhythms in the thalamic network.
Moreover, strong modulation of Ih with
low (early developmental situation) con-
ductance induces initiation of rhythmic
delta activity. (6) In conclusion, a tight
regulation of HCN channel expression
and the resulting Ih current density takes
place in TC neurons of developing dLGN.
This, in turn, is likely to partially contrib-
ute to the maturation of slow-wave sleep
activity in the thalamic network.
Correlation of HCN expression and
Ih properties
In the present study, a clear linear correla-
tionwas demonstrated between totalHCN
mRNA levels as well as total HCN protein
levels and Ih current density, thereby also
pointing to a linear correlation between
total mRNA and protein levels. This tight
coupling between mRNA, protein and
membrane current has also been found
previously for HCN channels in the devel-
oping rat hippocampus. In that region, a
progressive increase in Ih current ampli-
tude correlated with a strong increase in
HCN1, a moderate increase in HCN2, and
a decrease in HCN4 expression (Vasilyev
and Barish, 2002; Surges et al., 2006; Brew-
ster et al., 2007).
To establish a clear correlation between
kinetics, voltage dependence, and cAMP
sensitivity of Ih and the HCN channel ex-
pression profile is more difficult. In general, this relationship is
determined primarily by the HCN subunit composition. The
three main isoforms that contribute to Ih in TC neurons reveal
different voltage-dependent and kinetic properties in heterolo-
gous expression systems (Seifert et al., 1999; Robinson and
Siegelbaum, 2003; Santoro and Baram, 2003). For example, com-
paredwithHCN2 andHCN4 (the latter reveals the highest cAMP
sensitivity), the HCN1 isoform has faster activation kinetics, a
more depolarized membrane voltage of activation, and less re-
sponse to direct cAMP-dependentmodulation. The combination
of HCN2 andHCN4 is thought to result in a slow activation time
course and a high cAMP sensitivity of Ih in TC neurons, with the
later being fine tuned by the degree of HCN1 contribution (Lud-
wig et al., 2003; Budde et al., 2005, 2008). However, the relation-
ship of the HCN isoform expression profile and Ih properties in
native cells can be assumed to bemore complex because channels
might behave differently in expression systems and native cells,
considerable differences exist between reported activation curves
of cloned isoforms in different studies, and heteromerization of
HCN channels may occur. HCN channel heteromers possess
novel properties resembling those of neither heterologously ex-
pressed homomeric channels nor their arithmetic intermediates
(Much et al., 2003; Richichi et al., 2008; Zha et al., 2008). In the
thalamus, the analysis of Ih modulation by cAMP and halothane
indeed indicated an important contribution of HCN1/HCN2
heterodimeric channels (Budde et al., 2005, 2008; Kuisle et al.,
2006). Nevertheless, it is interesting to note that, in a computer
model, using the activation curves established for cloned HCN
channel isoforms in expression systems and weighting the influ-
ence of each isoform on Ih according to its protein expression
level found in the present study resulted in mean activation Ih
curves that were surprisingly consistent with those measured
in cells in this study (supplemental Fig. S3, available at
www.jneurosci.org as supplemental material).
Given the high intracellular cAMP levels and taking the
dominance of HCN4 at P7 into account, one might expect
more depolarized Vh values as found in this study. Therefore,
our findings point to an as yet unidentified hyperpolarizing
influence. Among others, two possible mechanisms may ac-
count for this. (1) Intracellular acidification leads to a hyper-
polarizing shift in the Ih activation curve in TC neurons
(Meuth et al., 2006). Because several components of cellular
pH homeostasis, like carbonic anhydrases, mature steeply
during the second postnatal week (Ruusuvuori et al., 2004),
immature pH regulation may negatively modulate Ih activa-
tion curves. (2) An even more intriguing scenario may involve
Figure 6. In vivo cortical EEGs demonstrating the development of slow-wave sleep patternswith age. At each age, traces from
the wake state (assessed via concurrent video monitoring) are on the left, whereas sleep traces are on the right. Traces obtained
on P7 (A), P12 (B), P14 (C), P18 (D), and P90 (E) are shown. A, There was little distinction between the frequency distribution of
EEG rhythms in the wake and the sleep state at P7. B, By P12, initial irregular slow-wave oscillations (2–4 Hz) were apparent in
NREM sleep recordings, readily distinguishable from thewake record. C–E, Similar, maturing sleep patterns were found in EEG at
older ages (C,D), leading to thewell developeddelta frequency (1–2Hz)NREMsleepwaves in the adult (E). Calibration: 1 s, 50V
(P7), 0.1 mV (P12 and P14), 0.5 mV (P18), and 1 mV (P90).
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the puzzling HCN3 isoform. Immunohistochemical staining
revealed HCN3 expression early postnatally in TC neurons of
three rat strains (ACI, Sprague Dawley, andWAG/Rij) but not
in adult animals (data not shown). Although the current gen-
erated by the HCN3 isoform is very similar to HCN2, cAMP
induces a shift of HCN3 voltage dependency to more hyper-
polarized potentials (Mistrik et al., 2005). Therefore, the early
postnatal expression of this isoform may account for the
rather negative activation curve at P7.
Altogether, these findings point to a scenario in which TC
neurons regulate the expression of all four distinct Ih building
blocks in combinationwith changing intracellular cAMP levels to
achieve a current with maximal modulation by cAMP during
early postnatal stages (HCN4  HCN2  HCN1, presence of
HCN3, high cAMP levels) compared with adult stages (HCN2
HCN4  HCN1, low cAMP levels). Thus, transcriptional con-
trol of HCN channel genes in TC neurons represents a potent
molecular mechanism that balances current density and modu-
latory range of Ih.
Functional relevance of Ih properties during development
During states of wakefulness and rapid eye movement (REM)
sleep, the thalamocortical system is characterized by tonic action
potential generation and high-frequency oscillations (	40 Hz)
(Steriade et al., 1997). During states of NREM and slow-wave
sleep, the thalamocortical system shows highly synchronized os-
cillatory burst activity (15 Hz). HCN channels play two essen-
tial roles in this scenario. (1) Cyclic interaction with T-type Ca2
channels enables the generation of rhythmic activity in TC neu-
rons (McCormick andBal, 1997). (2) The arousal-inducing func-
tion exerted by the ascending brainstem system depends on the
release of neurotransmitters that govern the switch from burst to
tonic firing. Noradrenaline and 5-HT are of special interest be-
cause their effects significantly depend on their modulation of
HCN channels (McCormick and Pape, 1990). Modulation by
brainstem transmitters shifts the voltage dependence of activa-
tion of HCN channels to more depolarized potentials. This con-
sequently depolarizes the membrane, increases the input resis-
tance, and thereby favors the tonic firing mode. Therefore, the
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density and the properties of Ih during development are crucial
factors in the generation and termination of sleep-related TC
activity, and it is not surprising that these are tightly regulated by
coordinated expression of all HCN channel isoforms.
Developmental regulation of HCN channels, Ih , and sleep
Twomodels have been suggested for the appearance of REM and
NREM sleep during mammalian ontogeny (Frank and Heller,
2003; Blumberg et al., 2005). REM andNREM sleep is thought to
develop from either two different immature, homologous sleep
states or a common form of early sleep termed “presleep.” The
transformation of presleep into REM and NREM begins if the
neocortical EEG exhibits state-dependent differentiated activity.
In young rats, the EEG does not exhibit slow-wave activity (Fig.
6A) and rhythmic thalamocortical phenomena do not appear
until P12 (Jouvet-Mounier et al., 1970; Mares et al., 1982; Seelke
and Blumberg, 2008). Although the maturation of multiple ion
channels and receptors as well as neuronal networks contributes
to the development of adult sleep patterns, the present study
points to a scenario in which an essential molecular prerequisite
of intrinsic oscillatory activity in TC neurons, Ih, gradually ma-
tures and, as soon as a certain current density is reached, enables
the appearance of delta activity in single TC neurons (and in the
thalamocortical network). Given the high modulatory reserve of
Ih in young animals, computer modeling suggests that this takes
place at P12–P14. These findings are in good agreement with
dynamic clamp studies in cat TC neurons in which the occur-
rence of spontaneous delta activity depends on the presence of an
artificial Ih of sufficient amplitude (Hughes et al., 1998). There-
fore, the maturation of Ih partially contributes to the develop-
ment of slow-wave sleep rhythms and the establishment of adult
sleep/wake patterns in rats.
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